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Measurement of top quark polarization in the lepton+jets final state
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We present a measurement of the top quark polarization in the tt̄ pair production in pp̄ collisions at
the Fermilab Tevatron collider at

√
s = 1.96 TeV. We use the full Run II data sample corresponding

to 9.7 fb−1 of integrated luminosity recorded with the D0 detector. We consider the final state
containing a lepton (electron or muon) and at least three jets. The polarization is measured through
the distribution of lepton angles. We consider three different axes for the polarization measurement:
the beam axis, the helicity axis, and the axis normal to the tt̄ production plane. This is the first
measurement of the transverse polarization of the top quark at a hadron collider. The observed
top quark polarizations for each of the three axes are consistent with standard model predictions of
nearly zero polarization.
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The top quark was discovered at the Tevatron collider [1, 2] and plays an important role in particle physics because
of its unique properties. It is the heaviest known elementary particle with mt = 173.34±0.76 GeV [3], and it has a very
short lifetime of about 5 × 10−25 s [4]. The standard model (SM) predicts that top quark pairs are produced almost
unpolarized at the Tevatron (a small longitudinal polarization is generated by SM parity-violating weak interactions
[5]), while various models beyond the standard model (BSM) predict non-zero polarization of the top quark pairs.
The transverse polarization is allowed in strong interaction processes and is therefore predicted non-zero in the SM.
The top quark polarization Pn̂ can be measured in the top quark rest frame through the angular distribution of the
top quark decay products with respect to a chosen axis n̂ [5, 6]:

1

Γ

dΓ

d cos θi,n̂

=
1

2
(1 + Pn̂κi cos θi,n̂), (1)

where i is the decay product (lepton, quark, neutrino), κi its spin analyzing power (≈ 1 for lepton, 0.97 for d-type
quark, −0.4 for b-quark, and −0.3 for neutrino and u-type quark [6, 7]), and θi,n̂ is the angle between the direction of
the decay product i and the quantization axis n̂. The quantization axis is obtained after a boost to the tt̄ rest frame,
while the decay product directions are obtained after successively boosting the particles to the tt̄ rest frame and then
to the parent top rest frame. Here we measure the polarization with three choices of spin quantization axis:

• the beam axis b̂, given by the direction of the proton beam,

• the helicity axis ĥ, given by the direction of the parent top quark,

• the transverse axis t̂, given as perpendicular to the production plane defined by the proton and parent top
quark directions. The positive t̂ axis is given by cross product p̂(p) × p̂(t) [8, 9].

The top quark polarization along the helicity axis was previously studied in pp̄ collisions by the D0 Collaboration [10]
as part of the leptonic asymmetries measurement. Recently, the D0 Collaboration measured top quark polarization
along the beam axis, simultaneously with the forward-backward asymmetry in the tt̄ final states with two leptons
[11]. The observations from both measurements are consistent with the SM. The ATLAS and CMS Collaborations
measured the top quark polarization in pp collisions in the helicity basis and the results are consistent with zero
polarization [12, 13]. The Tevatron and the LHC polarizations are expected to be different due to the difference in
the initial states. There is a strong motivation [14] from the theoretical point of view to measure both longitudinal
and transverse polarization in the Tevatron data.

The SM predictions for the longitudinal top quark polarization at the Tevatron are −0.19 ± 0.05% in the beam
basis and −0.39 ± 0.04% in the helicity basis [15]. The transverse top quark polarization is estimated to be 1.1% at
the Tevatron [8]. Observation of significantly non-zero longitudinal top quark polarization would be clear evidence
for BSM physics [6, 16].

In this note, we present a measurement of the top quark polarization in the lepton+jets final state of tt̄ production
at the Tevatron collider. As discussed above, the lepton is the most sensitive to the top quark polarization and is the
most easily identified final state fermion. Therefore this measurement focuses on studying the angular distribution of
leptons. After selecting the events in the lepton+jets final state, we perform a kinematic fit to reconstruct the lepton
angles. The resulting angular distributions are fitted with mixtures of signal templates of polarization +1 and −1
to measure the polarization. The down-type quark has also analyzing power close to unity, but its identification is
difficult and thus not used to measure the top quark polarization. However, the down-type quarks from Monte Carlo
simulations are used to produce the signal templates as described below.

We analyze data collected by the D0 detector corresponding to an integrated luminosity of 9.7 fb−1 of pp̄ collisions
at

√
s = 1.96 TeV. The D0 detector central-tracking system consists of a silicon microstrip tracker and a central fiber

tracker, both surrounding the interaction region for pseudorapidities 1 |ηd| < 3 and |ηd| < 2.5. The central-tracking
system, located within a 1.9 T superconducting solenoidal magnet [17, 18], provides measurements for tracking and
vertexing. A liquid-argon calorimeter with uranium absorber plates has a central section covering pseudorapidities
up to |ηd| ≈ 1.1, and two end calorimeters that extend coverage to |ηd| ≈ 4.2, with all three housed in separate
cryostats [19]. An outer muon system, at |ηd| < 2, consists of a layer of tracking detectors and scintillation trigger
counters in front of 1.8 T iron toroids, followed by two similar layers after the toroids [20].

1 The pseudorapidity ηd = − ln[tan(θ/2)] is measured relative to the center of the detector, and θ is the polar angle with respect to the
proton beam direction.
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The top quark decays into a b quark and a W boson with approximately 100% probability resulting in a W+W−bb̄
final state. This analysis is performed using the lepton + jets final state, where one of the W bosons decays leptonically
and the other hadronically. Here, lepton denotes either an electron (e) or a muon (µ), including those from leptonic tau
decays of the W boson. This analysis requires the presence of one isolated electron [21] or muon [22] with transverse
momentum pT > 20 GeV and |η| < 1.1 or |η| < 2, respectively. In addition, leptons are required to originate
from the pp̄ interaction vertex (PV) by demanding |∆z(ℓ, PV)| < 1 cm. Accepted events must have a reconstructed
PV within 60 cm of the center of the detector along the beam axis. Furthermore, we require missing transverse
momentum /pT > 20 GeV that is expected from the undetected neutrino. Jets are reconstructed using an iterative

cone algorithm [23] with a cone parameter of R =
√

∆η2 + ∆φ2 = 0.5, where φ is the azimuthal angle around the
proton beam direction. Jet energies are corrected to the particle level using calibrations derived from exclusive γ+jet,
Z+jet, and dijet events [24]. These calibrations account for differences in detector response to jets originating from
a gluon, a b quark, and u, d, s, or c quarks. We require at least three jets with pT > 20 GeV within |η| < 2.5, and
pT > 40 GeV for the jet of highest pT . At least one jet per event is required to be identified as originating from a b
quark (b-tagged) through the use of a multivariate algorithm [25]. For the µ+jets sample upper limits on the transverse
mass of the reconstructed W boson of MW

T < 250 GeV and /pT < 250 GeV are applied to remove events in data with
misreconstructed muon pT . Additional selection requirements are applied in order to reduce misreconstructed muon
pT events further and also to suppress background contributions from multijet production. Those requirements can
be found in Ref. [26], where the same selection criteria are applied. The number of events obtained after the final
selection is shown in Table I.

We use Monte Carlo simulated tt̄ events generated using the mc@nlo event generator version 3.4 [27] or the
alpgen event generator version 2.11 [28]. Parton showering, hadronization, and underlying event modeling are
performed with herwig [29] for mc@nlo events and with pythia [30] for alpgen events. The detector is simulated
using geant3 [31]. The main background to tt̄ production is W+jets production, where one W boson is produced via
an electroweak interaction together with additional partons from QCD processes. The W+jets final state can be split
into four subsamples according to parton flavor: Wbb̄+jets, Wcc̄+jets, Wc+jets and W+light jets, where light refers
to gluons, u, d or s quarks. The W+jets background is modeled with alpgen+pythia [28, 30], as are the Z+jets
background events. Other backgrounds include WW , WZ and ZZ diboson production simulated by pythia and
single top electroweak production simulated by comphep [32]. The multijet background, where a jet is misidentified
as an isolated lepton, is extracted from the data [26, 33].

A χ2-based constrained kinematic fit is utilized to associate the observed leptons and jets with the individual top
quarks as described in [34]. The kinematic fit algorithm includes a technique that allows reconstruction of events
with lepton and three jets, i.e. when one jet is lost, typically because the jet is too soft or because of inefficiencies
in reconstruction and identification [35]. The three-jet event kinematic fit performance is comparable to that for the
four-jet events. The addition of the three-jet sample to the four-jet sample almost doubles the number of top quark
events, as reported in Ref. [37], where the same kinematic fit was used on the same dataset. For the measurement, all
possible combinations of objects are considered and weighted by the χ2 of the kinematic fit solution and the b-tagging
probability. For the event selection, we used the reconstructed kinematic variables corresponding to the combination
with the best χ2

To determine the sample composition we choose input variables that form a kinematic discriminant based on
the approximate likelihood ratio between the tt̄ and W+jets predictions. The input variables are selected for good
separation between the tt̄ events and the W+jets events. The input variables are required to be well modeled and
not strongly correlated with one another or to the lepton polar angles used for the measurement. The input variables
for the lepton and exactly three jet (ℓ + 3 jet) and the lepton and four or more jets (ℓ+ ≥ 4 jet) samples are chosen
independently. The ℓ + 3 jet and ℓ+ ≥ 4 jet samples are each divided into 3 sub-channels according to the number of
b-tagged jets: 0, 1, ≥ 2. The zero-b-tag channels are used only to determine the sample composition and background
calibration, not to measure the polarization.

The input variables used for the ℓ+3 jet discriminant are:

• kmin
T = min(pT,a, pT,b) ·∆Rab, where ∆Rab =

√

(ηa − ηb)2 + (φa − φb)2 is the angular distance between the two
closest jets, a and b, and min(pT,a, pT,b) represents the smaller transverse momentum of the two jets;

• aplanarity, A = 3/2λ3, where λ3 is the smallest eigenvalue of the normalized momentum tensor Mi,j ;

• Hℓ
T , the scalar sum of the jets and lepton transverse momenta;

• ∆R(jet1, jet2), ∆R between the leading jet and the second leading jet;

• ∆R(lepton, jet1), ∆R between the lepton and the leading jet.

The input variables used for the ℓ+ ≥ 4 jet discriminant are:



4

• kmin
T ;

• aplanarity;

• H l
T ;

• centrality, C = HT /H , where HT is the scalar sum of all jet transverse momenta and H is the scalar sum of all
jet energies.

• the lowest χ2 of the different kinematic fit solutions;

• (pbhad

T − p
blep
T )/(pbhad

T + p
blep
T ), the relative asymmetry of the transverse momenta of the two b-jet candidates,

where blep is from the top quark that decays to bℓν and bhad is from the top quark that decays to bqq′;

• Mjj , the invariant mass of the jets corresponding to the W → qq′ decay.

The sample composition is determined from a simultaneous maximum-likelihood fit to the discriminant distribution
for the tt̄ signal and W+jets background. The W+jets background is normalized separately for the heavy-flavor
contribution (Wbb̄ + jets and Wcc̄ + jets) and for the light parton contribution (Wc + jets and W+light jets). The
sample composition after selection and after fit and its breakdown into individual channels by lepton flavor and
number of jets are summarized in Table I.

3 jets ≥ 4 jets
Source e+jets µ+jets e+jets µ+jets
W+jets 1741 ± 26 1567 ± 15 339 ± 3 295 ± 3
Multijet 494 ± 7 128 ± 3 147 ± 4 49 ± 2
Other Bg 446 ± 5 378 ± 2 87 ± 1 73 ± 1
tt signal 1200 ± 25 817 ± 20 1137 ± 24 904 ± 23
Sum 3881 ± 37 2890 ± 25 1710 ± 25 1321 ± 23
Data 3872 2901 1719 1352

TABLE I: Estimated number of events after selection (including requirement of at least one jet being b-tagged) and after
determination of the sample composition from maximum-likelihood fit to the discriminant distribution as discussed in text.
The quoted uncertainties are statistical.

Once the sample composition is known and the full reconstruction is done, we need the lepton angular distributions
for the W+jets events to be properly modeled, so it does not bias the final template fit. The W+jets events are
the leading background and are especially important in ℓ+3 jet sample. To obtain a good model of the W+jets
templates, we use the data in the ℓ+3 jets and 0 b-tag control sample, which is dominated by the W+jets background
with more than 70% contribution. This sample is not used for the polarization measurement. The tt̄ events and
other background components are subtracted from data. We reweight the W+jets MC events so that the cos θℓ,n̂

distribution shows good agreement with the data. The correction obtained in the control sample is propagated to
the other samples. We do not require any specific correction for the other background sources as their contributions
are under 10% (second largest is multijet background, see Table I) and this correction would add another source of
systematic uncertainty.

To measure polarization, a template fit to the reconstructed lepton cos θn̂ distribution is made. The tt̄ MC sample
is only generated with zero polarization. We then obtain two templates of +1 and −1 polarization by reweighting the
simulated tt̄ events based on the double differential distribution:

1

Γ

dΓ

d cos θ1 cos θ2

=
1

4
(1 + κ1Pn̂,1 cos θ1 + ρκ2Pn̂,2 cos θ2 − κ1κ2C cos θ1 cos θ2), (2)

where index 1 represents the top decay product (lepton or down-type quark as they have the largest spin-analyzing
power) and index 2 the anti-top decay product, κ is the spin-analyzing power and C stands for the anti-correlation
factor, representing the spin correlation of the tt̄ pair. We use the SM values C = −0.368 (helicity axis) and C = 0.791
(beam axis), both calculated at next to leading order in QCD and electroweak couplings [5]. The spin correlation
factor is not known for the transverse axis and we set C = 0. Pn̂,i represents the polarization state we want to
reweight to (here Pn̂,i = ±1) along the chosen axis n̂. In the SM with CP invariance, the relative sign factor ρ takes
the value +1 for the helicity basis and −1 for the beam and transverse bases [5, 36].
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A simultaneous fit is performed to the data using the P = +1 and −1 signal templates and the background template
normalized to the expected background contribution. The fit is simultaneously made for the eight samples defined
according to the lepton flavor (e or µ), lepton charge and number of jets (3 or ≥ 4). The observed polarization is
taken as P = f+ − f−, where f± are the fractions of P = +1 and −1 returned in the fit. The fit and the method are
verified by an ensemble testing procedure with 1000 ensembles for five polarization values. The distributions of the
cosines of the polar angles of leptons from tt̄ decay for all three axes are shown in Fig. 1.

A simultaneous measurement of the top quark polarization and the forward-backward asymmetry in the dilepton
final states [11] observed a correlation between the two measurements. This correlation is due to acceptance and
resolution effects in the event kinematic reconstruction. We determine the dependence of the observed polarization
on the parton level forward-backward asymmetry, AFB, from samples in which the t and t̄ rapidity distributions
are reweighted. We perform a correction for the difference between the nominal mc@nlo production-level AFB of
(5.01± 0.03)% and the NNLO calculation [38] of (9.5± 0.7)%. The observed correction is −3.0% for the polarization
along the beam axis, less than 0.2% for the polarization along helicity axis and negligible for the transverse polarization.
The uncertainty on the forward-backward asymmetry prediction is propagated to the measurement as a systematic
uncertainty.

Three categories of systematic uncertainties are evaluated using fully simulated events including background con-
tributions: modeling of signal and background events, uncertainties in the simulation of the detector response, and
uncertainties associated with procedures used and assumptions made in the analysis. The sources of systematic uncer-
tainties and their contributions are listed in Table II. The alternate signal uncertainty is computed from the difference
between the nominal mc@nlo and alpgen+pythia generators and contains the contributions from both hadroniza-
tion and higher order corrections. More details about the methodology of systematic uncertainty determination can
be found in [37].

Source Beam Helicity Transverse
Signal and background modeling:

Alternate signal ±0.009 ±0.014 ±0.003
Initial/final state radiation ±0.008 ±0.003 ±0.003
Color reconnection ±0.003 ±0.007 ±0.003
Multijet background ±0.001 ±0.008 ±0.002
Background normalization ±0.004 ±0.003 ±0.002
b-jet fragmentation ±0.001 ±0.001 ±0.000
PDF uncertainty ±0.013 ±0.011 ±0.003
Top quark mass ±0.002 ±0.005 ±0.003
Instantaneous luminosity ±0.000 ±0.002 ±0.002

Detector modeling:

Residual jet energy scale ±0.009 ±0.022 ±0.003
Flavor-dependent jets response ±0.009 ±0.008 ±0.007
b-tagging ±0.009 ±0.014 ±0.005
Trigger efficiency ±0.002 ±0.005 ±0.001
Lepton momentum scale ±0.002 ±0.008 ±0.001
tt̄ transverse momentum ±0.005 ±0.001 ±0.002
Jet energy resolution ±0.003 ±0.005 ±0.005
Jet identification efficiency ±0.001 ±0.004 ±0.003
Lepton identification ±0.006 ±0.016 ±0.002
Vertex confirmation ±0.004 ±0.002 ±0.004

Method:

W+jets calibration ±0.002 ±0.003 ±0.001
Sample composition ±0.012 ±0.007 ±0.004
MC template statistics ±0.001 ±0.001 ±0.001
AFB uncertainty ±0.005 ±0.000 ±0.000

Total systematic uncertainty ±0.030 ±0.041 ±0.015
Total statistical uncertainty ±0.046 ±0.044 ±0.030
Total uncertainty ±0.055 ±0.060 ±0.034

TABLE II: Summary of uncertainties on the measured top quark polarization along three axes. The numbers indicate difference
in polarization when the measurement is repeated using the respective alternative model or after applying uncertainties from
the methods or assumptions made in the measurement.

The final measured polarizations for the three spin quantization bases are shown in Table III.
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FIG. 1: The combined e+jets and µ+jets cos θ distributions for data, expected backgrounds and signal templates for P = −1,
0 and +1. Panels (a), (c), and (e) represent selection with exactly three jets. (b), (d), and (f) represent selection with four
or more jets. (a) and (b) show distributions in beam axis. (c) and (d) show distributions in helicity axis. (e) and (f) show
distributions in transverse axis. The hashed area represents systematic uncertainty. Note that the direction of the x-axis is
changed for the ℓ− events along beam and transverse axis.

Axis Measured polarization Pn̂ SM prediction
Beam +0.070 ± 0.055 −0.002
Helicity −0.102 ± 0.060 −0.004
Transverse +0.040 ± 0.034 +0.011

TABLE III: Measured top quark polarization in beam, helicity, and transverse spin quantization bases. The total uncertainties
(statistical + systematic) are shown.

Our measured top quark polarizations are consistent with zero and with the predicted SM values. The polarization
along the transverse axis has been measured for the first time at a hadron collider and the longitudinal polarization
results are the most precise results based on pp̄ collisions.
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